This study was designed to evaluate the effects of hypokinesia and hypodynamia on cytoskeletal and related protein contents in human skeletal muscles. Twelve proteins: dystrophin and its associated proteins (DGC), dysferlin, talin, vinculin and meta-vinculin, α-actinin, desmin, actin, and myosin, were quantitatively analyzed during an 84-day long-term bedrest (LTBR). The preventive or compensatory effects of maximal resistance exercise (MRE) as a countermeasure were evaluated. Most of these proteins are involved in several myopathies, and they play an important role in muscle structure, fiber cohesion, cell integrity maintenance, and force transmission. This is the first comparison of the cytoskeletal protein contents between slow postural soleus (SOL) and mixed poly-functional vastus lateralis (VL) human muscles. Protein contents were higher in VL than in SOL (from 12 to 94%). These differences could be mainly explained by the differential mechanical constraints imposed on the muscles, i.e., cytoskeletal protein contents increase with mechanical constraints. After LTBR, proteins belonging to the DGC, dysferlin, and proteins of the costamere exhibited large increases, higher in SOL (from 67 to 216%) than in VL (from 32 to 142%). Plasma membrane remodeling during muscle atrophy is probably one of the key points for interpreting these modifications, and mechanisms other than those involved in the resistance of the cytoskeleton to mechanical constraints may be implicated (membrane repair). MRE compensates the cytoskeletal changes induced by LTBR in SOL, except for γ-sarcoglycan (+70%) and dysferlin (+108%). The exercise only partly compensated the DGC changes induced in VL, and, as for SOL, dysferlin remained largely increased (+132%). Moreover, vinculin and metavinculin, which exhibited no significant change in VL after LTBR, were increased with MRE during LTBR, reinforcing the pre-LTBR differences between SOL and VL. This knowledge will contribute to the development of efficient space flight countermeasures and rehabilitation methods in clinical situations where musculoskeletal unloading is a component.
Key words: human muscles • countermeasures • hypokinesia • hypodynamia nderstanding the components of muscle loss and structural disorders and the extent and temporal relations of the changes resulting from muscle disuse is key to understanding muscle impairment. This knowledge will contribute to the development of efficient space flight countermeasures and rehabilitation methods in clinical situations where musculoskeletal unloading is a component.
The current missions on the International Space Station (ISS) or the future Moon or Mars exploration missions involve long duration spaceflights. In that context, many studies have focused on the negative effects of microgravity on human physiology and especially on skeletal muscle structure and function. Bedrest in humans constitutes a standard model for the simulation of microgravity effects on physiological systems including muscle and bone. Muscular exercise is a potentially efficient countermeasure against the negative effects of spaceflights on muscle.
Skeletal muscle fibers must withstand mechanical constraints exerted on their longitudinal and transversal axes because of force generation and external loading (1, 2) . The variable mechanical constraints cause structural differences on the longitudinal axis of slow and fast muscle fibers, in the myotendinous junction (3) , and in Z lines (4) . On the transversal axis, special attention was paid to dystrophin and its associated proteins (DCG; refs 5, 6) and to several proteins of specific sites at the level at the Z disk, that is "costamere" (vinculin-talin-intregrin system; ref 7) . These two systems mediate force transduction from myofibrils to extracellular matrix across the sarcolemma-associated cytoskeleton, stabilizing the cell membrane during activity. Many studies focused on these proteins that are involved in several myopathies and that seem to play an important role in muscle fiber structure, signaling, or force transmission. However, the role and function of these subsarcolemmal and transmembraneous proteins have not been elucidated.
In that context, animal studies based on an adapted quantitative method (8) allowed us to demonstrate large differences in the protein contents of the cytoskeletal compartments, between skeletal muscles with different functions and during muscle atrophy (9, 10) . It is not known whether such differences exist in humans.
Plasma membrane disruption may occur, although the protective effect of the cytoskeleton against muscle fiber contraction induced damages. Mechanisms are necessary to maintain plasma membrane integrity. Muscle fibers of dysferlin-deficient mice are defective in Ca 2+ -dependent sarcolemma resealing, indicating dysferlin, a recently described sarcolemmal protein the function of which is not yet completely understood, plays probably an essential role in muscle membrane repair (11) . In the human, the mutations in dysferlin gene cause limb-girdle muscular dystrophy type 2B (LGMD2B) and distal muscular dystrophy of Miyoshi (MM; refs 12, 13).
expected from muscular exercise for men and women, one must understand the effects of mechanical loading on muscles and muscle fibers during spaceflight or bedrest.
Taking into account the potential role of these proteins in structure, signaling, force transmission, and repair in the skeletal muscle fiber, and regarding our previous results on animals, we hypothesized that the content of the DGC and costameres, and of the newly studied protein dysferlin, would be increased by hypokinesia and hypodynamia, with more change in postural muscle, and that maximal resistance exercise (MRE) would compensate the changes, even in postural muscle. A long-term bedrest (LTBR) experiment (90 days) was recently done jointly by the European (ESA), Japanese (NASDA), and French (CNES) space agencies. This experiment focused on the effects of hypokinesia and hypodynamia on human skeletal muscle, bone, and cardiovascular apparatus. We studied the following: 1) differences in human soleus (SOL) and vastus lateralis (VL) skeletal muscle contents for contractile and intra-sarcomeric proteins (myosin, actin, α-actinin), perisarcomeric protein (desmin), subsarcolemmal and transmembraneous proteins (DCG, costamere proteins, dysferlin); 2) changes in muscle contents with long-term hypokinesia and hypodynamia; and 3) the preventive, compensatory effects of MRE as a countermeasure.
MATERIALS AND METHODS

Subjects
Twenty-one European healthy young men voluntarily participated in the LTBR study. The subjects had no medical history or physical signs of neuromuscular disorder and did not regularly participate in strength-training exercise. Concerning our investigation only 17 subjects were considered: 8 subjects were randomly assigned to the group who performed resistance training (LTBR Exercise group, BR-Ex), and 9 subjects were assigned to the group who did not perform any exercise training during the LTBR period (LTBR Control group, BR-Cont). There were no significant differences in subject age, height, and weight between the two groups (Table 1) . They gave informed consent to the procedures of the experimentation, which was approved by the local Ethics Committee (CCPPRB, Toulouse 1).
Bedrest
The study, including two campaigns, was conducted in the Medes-IMPS (Space Clinic, Rangueil Hospital, Toulouse, France) under the aegis of the ESA, the CNES, and NASDA. All subjects completed a period of bedrest for 90 days. Subjects remained in a head-down tilt (-6°) position, even during the resistance-training exercise (MRE). They were instructed not to produce any unnecessary movements with their limbs. They were supervised by Medes nursing staff throughout the period, and nutritional care was taken to avoid significant changes in body mass.
Maximal resistance exercise device and training protocol
The exercise system was the flywheel principle, which allowed all exercises to be performed in the 6° head-down tilt position (14) . The exercise is designed to activate the extensor muscles of the knee and ankle joints while the leg press exercise is performed. This nongravity-dependent mechanical device provides resistance during coupled concentric and eccentric muscle actions through the inertia of a spinning flywheel. This mechanical ergometer meets the operational and technical requirements of equipment that can be used in space and is an effective exercise countermeasure in space.
Every third day, each MRE was performed for 4 sets of 7 repetitions for squat movements (knee extensor muscles) and for 4 sets of 14 repetitions for the contractions of the ankle extensors. Progressive warm ups preceded each MRE session and 2 min of rest was allowed between sets and 5 min between exercises (15).
Tissue sampling procedures
The subjects were carried to the medical treatment room where the biopsies were performed. Before the LTBR period, biopsies were obtained from the right VL muscle, with the subjects in a supine position, and from the right SOL muscle, with the subjects in a prone position, by using the procedure described by Bergstrom (18) . The post-LTBR biopsies were obtained from the same leg, in a location as close as possible to the pre-LTBR biopsies, 7 days before reambulation, i.e., on day 84 of LTBR period. Local anesthesia was induced, and a skin incision was made. A Bergstrom sterile needle was inserted toward the center of the muscle. Contrarily to the VL, the SOL biopsies were obtained from the control and exercise group of the second LTBR campaign only (n=8).
Pre-and post-LTBR muscle biopsies were placed on saline-soaked gauze and divided into several portions. One portion, used for immunohistochemical classification of muscle fibers and cross-sectional areas measurements, was oriented longitudinally on a wooden spatula under binocular control and was frozen in isopentane cooled by liquid nitrogen. Another portion (~50 mg), used for quantitative analysis of cytoskeletal protein content, was directly frozen in liquid nitrogen. Finally, all the samples obtained were stored at -80°C until analysis.
Antibodies
Anti-α-actinin and anti-vinculin monoclonal antibodies were purchased from Sigma (St. Quentin Fallavier, France). Anti-desmin, anti-β-dystroglycan, anti-γ-sarcoglycan, anti-α-sarcoglycan, and anti-dysferlin monoclonal antibodies were purchased from Tebu (Le Perray en Yvelines, France). Anti-dystrophin (5G5), anti-slow (I) myosin heavy chain (MHC) (8H8), and anti-fast (IIa+IIb) MHC (15F4) monoclonal antibodies were described previously (19, 20) . Secondary labeling was performed using horseradish peroxidase-conjugated, anti-mouse Ig from Amersham Pharmacia Biotech (Les Ulis, France) for Western blot analysis or FITC-conjugated anti mouse from Tebu (Le Perray en Yvelines, France) for immunohistochemistry analysis.
Immunohistochemical classification of muscle fibers
Serial cross sections (10 µm thick) were cut in a cryostat, maintained at -30°C, and mounted onto glass microscope slides. Muscle fibers were identified on the basis of their reactivity with anti-MHC antibodies. The percentage of muscle fiber types was evaluated, with ~50-100 muscle fibers on each section.
Page 4 of 24 (page number not for citation purposes)
Cross-sectional areas (CSA)
The areas of ~50 slow-type fibers and 50 fast-type fibers in each muscle biopsy were calculated using image analysis software (Analysis, Olympus, France).
Tissue sampling and extraction
We previously developed a quantitative method to work with small samples of muscle, for example, human muscle biopsies (8) . A section (20-30 mg) of each biopsy was weighed and immediately homogenized in 200 µl of buffer (pH 6.8) containing 5 mM Tris, 10% SDS, 0.2 M DTT, 1mM ethylenediaminetetraacetic (EDTA), and 2.5% protease inhibitor cocktail (Sigma). The samples were subsequently boiled 2 min and centrifuged 10 min at 10,000 g. The supernatant was then separated, with one part for total protein concentration determination and the other for electrophoresis analysis.
Total protein concentration
The total protein concentration of each sample was determined using a BCA protein assay (Interchim, Montluçon, France) modified as described elsewhere (8) . A fresh set of protein standards (bovine serum albumin) was prepared and used to calibrate the protein concentrations for each sample at the absorbance of 562 nm. We made each measurement in triplicate and used the mean values. The protein standards were read before and after all the other samples to evaluate the optical density variation during the measurements.
SDS gel electrophoresis
Proteins were separated onto a 4-12% slab gradient SDS polyacrylamide gel according to the method of Laemmli (21) . All the samples used for each comparison were loaded at the same time on the same gel. The different comparisons were the following: the wells contained alternately 10 µl of BR-Cont extracts of each Pre-and Post-LTBR SOL or VL biopsy to determine the effect of LTBR; or 10 µl of BR-Ex extracts of each Pre-and Post-bedrest SOL or VL biopsy to determine the effect of MRE as a countermeasure during LTBR; or 10 µl of each Pre-LTBR SOL and Pre-LTBR VL extract to compare the two muscle types. The two edge wells were excluded from the comparison. The protein relative contents of the two groups were compared as described previously (8) . Myosin and actin, the major muscle components (200 and 42 kDa, respectively), were directly identified on the gels stained with Coomassie blue. The other cytoskeletal protein contents were determined by immunoblotting after the gel transfer.
Western blot analysis
The upper part of the gel containing polypeptides >300 kDa was transferred overnight onto a nitrocellulose sheet (30 V, 15°C) in a Tris-methanol-glycine buffer. The lower part of the gel was submitted to a transfer procedure for 1 h at 80 V in the same buffer. After that, both parts of the gel were stained with Coomassie blue to check the uniformity of transfer. Nitrocellulose blots were blocked 12 h at 4°C in Tris-buffered saline (TBS) containing 100 mM Tris, pH 8, and 150 mM NaCl by the addition of 0.1% Tween 20 and 5% nonfat dry milk. Blots were then incubated for 30 min at 37°C with antiserum diluted in TBS Tween.
Blots were subsequently washed 1 × 5 min, 1 × 20 min, and 2 × 5 min in TBS Tween and then incubated 1 h at room temperature with peroxidase-labeled, species specific anti mouse second antibodies (Amersham Pharmacia Biotech). After being washed 1 × 5 min, 1 × 20 min, and 2 × 5 min in TBS Tween, bound antibodies were detected by enhanced chemiluminescence (ECL) system (Amersham Pharmacia Biotech) with different times of exposure to obtain a signal in a linear set.
Scanning densitometry
The different protein bands on the gels or blots were detected by chemiluminescence and digitized by a scanner densitometer with a resolution of 1200 pixels per inch. The digitized images were quantitatively analyzed through specific software, Phoretix 1D (Phoretix International, Newcastle upon Tyne, UK). The values obtained (i.e., protein contents of each band) were expressed as relative optical density (ODr) according to the amount of protein loaded into the corresponding well.
Each gel or blot was made in triplicate. To avoid errors due to differences in signal intensity among the three gels or blots, the ODr was normalized as follows. For each protein, the ODr of all samples were summed for each gel or blot:
The ODr of each band on gel i or blot i was then normalized according to the mean of these sums:
.
Statistics
Results are means ± SE of the normalized ODr in the three assays. The values obtained were used to compare means of relative protein content. Finally, for each relative protein content, the two situations were compared by the Wilcoxon signed rank test, a nonparametric statistics paired test. Statistical significance was set at P < 0.05.
RESULTS
Muscle fiber size, contractile profile, and comparison of cytoskeletal and related protein contents in human SOL and VL muscles before bedrest
MHC expression and fiber CSA
Immunohistochemistry with monoclonal antibodies against slow or fast MHC identified 76.8 ± 5.8% and 83.4 ± 4.5% of slow type fibers (ST) within human SOL muscle, and 50.7 ± 3.2% and 44.6 ± 3.2% of ST for Pre-BR-Cont and Pre-BR-Ex, respectively, within VL (Table 2) . Fast fibers (FT) exhibited higher CSA than ST in pre LTBR SOL (+30%, P<0.01), but no significant difference appeared between ST and FT CSA in Pre-LTBR VL (Table 2) .
Page 6 of 24 (page number not for citation purposes)
Cytoskeletal and related protein contents in slow-(SOL) vs. fast-type (VL) muscle
Based on our previous method for protein quantification (8), we compared the cytoskeletal and related protein contents between SOL and VL. Twelve proteins from the main skeletal fiber compartments were studied (Fig. 1) . The content of the two major contractile proteins, myosin and actin, appeared slightly higher (+12%, P<0.05) in VL. Concerning the proteins of the DGC, transmembraneous α-and γ-sarcoglycan, and concerning dysferlin, they also exhibited higher content in VL +28% (P<0.01), +44% (P<0.01), and +29% (P<0.05), respectively. Vinculin and metavinculin, proteins located at the costameres, also exhibited higher contents, 18% (P<0.05) for vinculin, and 94% (P<0.01) for metavinculin, respectively, which represented the greatest difference.
Effects of 84 days of bedrest without countermeasure
MHC expression and fiber CSA
The mean CSA of both ST and FT SOL fibers significantly decreased after LTBR (28%, P<0.1; 29%, P<0.1). On the other hand, mean CSA was significantly reduced only in ST in VL (17%,
P<0.1).
In the SOL, although large (40%), the increase in the muscle fibers expressing fast MHC after LTBR was not significant. The percentage of muscle fibers expressing each MHC was unchanged in VL (Table 2) .
Cytoskeletal and related protein contents in human SOL and VL
Changes in cytoskeletal and related protein contents differed according to the muscle type and the localization of the proteins. We observed a decrease of 14% (P<0.05) and 9% (P<0.05) for myosin and actin, respectively (Fig. 2) only in the VL. Relative contents of desmin and α-actinin, localized in the peri-and intra-sarcomeric compartments, did not change after LTBR in any muscle (Fig. 2) , whereas proteins belonging to the DGC and costamere, and dysferlin exhibited large changes (Fig. 3) . The relative content of the subsarcolemmal dystrophin was increased by 71% (P<0.05) and 60% (P<0.05) in SOL and VL, respectively. The DGC largely increased. These changes were higher in SOL than in VL: a 67% (P<0.05), 96% (P<0.01), and 216% (P<0.01) were found in SOL, respectively, for β-dystroglycan, α-sarcoglycan, and γ-sarcoglycan, vs. a 32% (P<0.01), 75% (P<0.01), and 142% (P<0.01) increase in VL. The changes in dysferlin contents were similar: it increased by 104% (P<0.1) in SOL and by 71% (P<0.01) in VL. The contents of proteins of the costameres, the specific subsarcolemmal site at the level at the Zdisks, were also increased, showing different changes according to the muscle type. However, the only significant increases were for metavinculin (213%, P<0.01) and talin (60%, P>0.01) for SOL and VL, respectively, after LTBR.
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Effects of MRE during 84 days of bedrest
MHC expression and fiber CSA
No significant changes appeared in mean CSA for both ST and FT SOL fibers after LTBR with MRE. However, the significantly reduced mean CSA previously observed after LTBR without MRE was also observed in ST VL fibers (14%, P<0.01) after LTBR with MRE ( Table 2) .
Instead of the nonsignificant 12 and 40% increase for fibers expressing slow MHC and fast MHC, respectively, in SOL muscles, resulting from inactivity and unloading after LTBR without MRE, the percentage of muscle fibers expressing slow MHC or fast MHC respectively decreased by 13%, (P<0.01) and increased by 62%, (P<0.01) in SOL after LTBR with MRE. The percentage of muscle fibers expressing each MHC was still unchanged in VL after LTBR with MRE.
Cytoskeletal and related protein contents in human SOL and VL
The changes reported for the myosin and actin contents in the VL after LTBR without MRE were no longer observed after LTBR with MRE. No changes were noted in the protein relative contents of intra-(α-actinin) and perisarcomeric (desmin) compartments of SOL and VL after LTBR with MRE (Fig. 2) . In SOL muscle, the large increase in subsarcolemmal and transmembraneous protein contents in BR-Cont group was not observed in BR-Ex group excepted for γ-sarcoglycan and dysferlin, which exhibited significant increases 70% (P<0.1) and 108% (P<0.1), respectively. For the VL, the increases in DGC protein contents in BR-Cont group remained for BR-Ex group but at a lower level, 42% (P<0.05), 28% (P<0.05), 41% (P<0.05), and 43% (P<0.05) for dystrophin, β-dystroglycan, α-sarcoglycan, and γ-sarcoglycan, respectively (Fig. 3) . Dysferlin, the content of which was increased after LTBR, exhibited a larger increase with MRE (132%, P<0.01). Concerning protein from costameres, either metavinculin or talin and vinculin contents did not change in SOL. In VL, talin, vinculin, and metavinculin contents were increased after LTBR with MRE by 33% (P<0.05), 29% (P<0.05), and 86% (P<0.01), respectively.
DISCUSSION
This study was designed to evaluate the effects of hypokinesia and hypodynamia on cytoskeletal and associated subsarcolemmal and transmembraneous protein contents in different human skeletal muscles, during LTBR and to evaluate the preventive, compensatory effects of MRE as a countermeasure. This study compared the cytoskeletal and related protein contents between slow postural (SOL) and mixed poly-functional (VL) human muscles, for 12 proteins from the main muscle fiber compartments.
Based on our previous results on animals, regarding the important role of several proteins in structure, signalization, force transmission, and repair of muscle cell, we hypothesized that protein contents especially from DGC and costameres, and also dysferlin, would differ with muscle function and would exhibit changes with largely modified functional requirements, i.e., during long-term hypokinesia and hypodynamia, with or without MRE. This hypothesis was globally confirmed. Results showed, first, that cytoskeletal protein contents differ between two functionally different muscles; second, that subsarcolemmal and transmembraneous protein contents are increased, and even more in SOL, after LTBR; and third, that the preventive, compensatory effect of MRE, found to be limited, differs with the functional profile of the muscle.
Comparison of cytoskeletal and related protein contents between SOL and VL before bedrest
The method we previously designed (8) made it possible to accurately compare protein contents in individual samples without using a specific standard for each of the proteins. Very few data are available for comparison. In a previous study on rat muscle, we reported cytoskeletal protein contents were higher for SOL (characterized by an 80-88% ST) than for EDL (characterized by a 7-12% ST). We interpreted these differences as corresponding to a physiological response of the muscle fibers to duration, magnitude, and frequency of the imposed mechanical loading (8) . This interpretation is reinforced by the present study on human muscle. Most of the cytoskeletal protein contents were higher in VL than in SOL (from 12 to 94%).
The functional differences of the two muscles studied can explain the differences in cytoskeletal protein contents in pre-bedrest biopsies. SOL, which belongs to the deep part of the calf, assumes the extension of the foot with the gastrocnemius muscles and contributes to the stability of the leg on the foot. VL, which belongs to the external face of the femoral quadriceps, assumes the extension of the leg with the right femoral, vastus medialis, and crural muscles. Its function imposes on VL a higher speed of shortening and power development than its mainly postural function imposes on SOL. SOL appears to be designed for tension production at the expense of velocity (22) . These differences in functional profile were reflected in pre-bedrest biopsies in our present results, as in other studies (23, 24) by a 62% to 88% ST in SOL and by a 46-63% FT in VL. Besides their differences in MHC composition, SOL is characterized by shorter muscle fibers, inserted on tendons with wider angle of pennation than VL fibers. This architecture largely explains the differences between SOL and VL in maximal force and velocity of shortening of the individual fibers and of the whole muscle: SOL fibers exhibit less tension with respect to the main axis of their tendon of insertion and less velocity of shortening potential than VL fibers (22) . Moreover, force transmission appears not to be limited to the myotendinous junction, and lateral force transmission is to be considered (myo-fascial transmission), which may differ for muscles of different degrees of pennation (25) .
These differences in muscle architecture closely related to the functional requirements imposed on SOL and VL muscles suggest that the muscle fibers must be designed to resist various transversal and longitudinal constraints resulting from various force and velocity of shortening, which differ in duration, magnitude, and frequency. Their cytoskeleton, as well as other parameters which contribute to muscle function, must be adapted to these diverse mechanical loadings.
Mechanisms other than those involved in the resistance of the cytoskeleton to mechanical constraints (plasmalemmal and sarcoplasmic reticulum remodeling for example) may be implicated in differences in cytoskeletal protein contents between muscles, as suggested by the changes observed during LTBR.
Besides their functional role during force transmission, the cytoskeleton and related proteins are able to protect the muscle fiber from contraction-induced damage by managing the forces generated or supported in the transversal and longitudinal axis of muscle fiber. On their longitudinal axis, structural differences in the myotendinous junction (MTJ) illustrate the adaptation of muscle structure to mechanical constraints (3) . Other studies underlined that at MTJ, specific sites in force transmission can be enriched in specific proteins, for example, talin (26) . The transversal cohesion of muscle fibers and their relation with the extracellular matrix is allowed by specific structures that largely contribute to force transmission (27, 28) . In that context, the importance of DGC in muscle fiber cohesion and in the protection of the sarcolemma from contraction-induced damage is unlighted by different congenital muscular dystrophies in human (29) (30) (31) or animal models, for example, mdx mice (32) or mice with α-sarcoglycan or γ-sarcoglycan deficiencies (33, 34) . The reported differences may be also explained by physiological functions other than those involved in the resistance of the cytoskeleton to mechanical constraints. For example, it is well known that fibers with faster activity cycles have more T-tubule and sarcoplasmic reticulum (SR) elements (35) . γ-sarcoglycan is a member not only of the transplasmalemmal DGC but also of the SR over the Ibands, including terminal cisternea, and the authors (36) underlined two possible functions of this protein: first, it can be related to calcium metabolism, and second, it may anchor the SR to the myofilaments or Z-band during muscle contraction and relaxation. This notion may account for the higher differences (+44% in VL than in SOL) for γ-sarcoglycan than for the other members of DGC in our study.
Other specific structures involved in force transmission are costameres (7), which are defined as subsarcolemmal protein assemblies that circumferentially align in register with the Z-disk of peripheral myofibrils and physically couple force-generating sarcomeres with the sarcolemma in striated muscle cells (37) . Many of these structures appeared to be modified with the mechanical constraints imposed on rats (9, 10) , and as shown here on humans. Vinculin is a major component of the costameres (7, 38) , and it was found within the Z-disk in striated muscle (39) , participating in the molecular bridges joining the Z lines to extracellular matrix. Metavinculin was mainly studied on smooth and cardiac muscle and appears to be involved in intercellular junctions: adherent junctions in smooth muscle (40, 41) and intercaled disks in cardiac muscle (42) . A low level of metavinculin was found in human sartorius muscle (43) , which we confirm herein. This is the first comparison, to our knowledge, of vinculin and metavinculin contents in two functionally different muscles in humans. Results showed a higher content of both proteins in the VL, particularly for metavinculin (+94%). These differences are comparable to those reported for rat muscles (SOL and EDL), where metavinculin was not present in control SOL but largely present in EDL (10) . Metavinculin colocalizes in the same adhesion sites with vinculin (44), but their localizations may differ because vinculin has the solubility of a peripheral membrane protein (45) , whereas metavinculin has the solubility of an integral membrane protein (46) . The higher content of metavinculin in human VL, as in rat EDL, suggests this protein has a specific role in fast muscle. This vinculin splice variant likely also has a specific role in heart muscle because metavinculin deficiency is associated with a particular form of dilated cardiomyopathy in humans (47) , during the course of which cardiac expression of the cytoskeletal proteins vinculin, α-actinin, and dystrophin is normal. This notion is reinforced by a study showing that alterations in vinculin and metavinculin expression differ in neonatal heart failure (44) .
This first quantification of dysferlin in human muscle showed a higher content in VL than in SOL. Dysferlin is a membrane-associated protein that is defective in Miyoshi myopathy and limb girdle muscular dystrophy type 2B (LGMD2B) (12, 13) and that is not linked to DGC proteins (for a review, see ref 48) . This recently described protein interacts with caveolin 3 and annexin A1 et A2 and has been suggested to be involved in membrane fusion or repair (49, 50) . Its function is not completely known, but it may play a role in the aggregation and fusion of intracellular vesicles in response to membrane injury (50) . Further investigations should be conducted to understand the difference we observed between two muscles with different functions.
Effect of LTBR on muscle fiber CSA, myosin expression, and cytoskeletal and related proteins
Motivated by growing knowledge of spaceflight effects on physiological systems, bedrest studies give the opportunity to understand the components of muscle loss and structural disorders and to develop rehabilitation methods in clinical situation where musculoskeletal unloading is a component. Structural alterations in muscle submitted to unloading (simulated or actual microgravity) are illustrated first by muscle atrophy (51) . After LTBR, we observed a decrease of 28 and 29%, respectively, for ST and FT CSA in SOL, and of 17% for ST CSA in VL muscle. In absence of exercise countermeasures, spaceflight might induce a greater atrophy response than bedrest (52, 53) .
Besides the prominent atrophy induced in SOL, a shift of fiber phenotype from ST to FT is generally observed in atrophied muscle in animals (54, 55) and in humans (52, 56) . The data on humans are scarce, but they suggest type I and type II MHC transitions after bedrest (57) or space flight (58) . Although expression of slow MHC tended slightly to decrease, we found no significant alterations in MHC expression for VL muscle after LTBR. If any, the coexpression of fast and slow MHC in VL could disappear during the LTBR. The 40% increase in fibers expressing fast MHC, which is indicative of the effects of LTBR on human postural muscles, was not significant because of the large variability in MHC expression among subjects and the small number of biopsies obtained for SOL.
Actin and myosin decreased in VL by 9 and 14%, respectively, and the same tendency was observed in SOL. Data on animals (51, 59) indicate such a decrease in contractile proteins, suggested also by a few results obtained on humans, during spaceflight of short duration (58, 60 ). This appears to result from muscle disuse.
It is suggested that the DGC functions to anchor the sarcolemma to costameres (37) . Plasma membrane remodeling during muscle atrophy is probably one of the key points for interpreting the increases in DGC relative content in SOL (from 67 to 216%) and in VL (from 32 to 142%) that result from LTBR. For example, membrane folding and the length of the membrane interface between muscle fiber and tendon are largely increased after hindlimb suspension (61) or spaceflight (62) . The membrane remodeling probably also accounts for the increase in talin relative content in VL (+60%). This protein for which specific sites in force transmission are enriched at MTJ (26) , participate, within the costameres, with other focal adhesion proteins like vinculin, α-actinin and β1-integrin, to the link between peripheral Z-disk and extracellular matrix (27, 63) . Others studies indicate the influence of mechanical constraints on the costamere proteins (64, 65) . The large increase in costameric metavinculin content (+213%) in human SOL is in line with the de novo expression of this protein in rat SOL muscle after hindlimb suspension (10) . As this splice variant of vinculin was studied mainly on smooth and cardiac muscle, other studies are needed to understand why this protein exhibits such large changes in skeletal muscle after unloading.
Mechanisms other than those involved in the resistance of the cytoskeleton to mechanical constraints may be implicated. This is illustrated by γ-sarcoglycan, which exhibited the highest increase (216% in SOL and 142% in VL). γ-Sarcoglycan, not restricted to the sarcolemma, has been found in the SR over the I-band (36) , and the authors underlined two possible functions of this protein, suggesting it plays a role in association with cellular structures involved in calcium regulation, as mentioned previously. Interestingly, studies revealed a proliferative effect of unloading on the SR in SOL muscle (66) , in line with a more developed SR in fast twitch fibers. Those authors underlined that this increase in SR with unloading needs more time to take place than does the regulation of the contractile proteins. This increase in SR and its timing could be related to the large increase in γ-sarcoglycan content after LTBR we found, which could be, in this case, a companion change of cellular structures involved in calcium regulation.
Although DGC and proteins of the costameres largely contribute to maintain plasma membrane integrity, physical injuries of plasma membrane could occur during muscle cell contraction or stretch. Defects in plasma membrane repair could cause muscle degeneration (48, 67) . Dysferlin appears to be involved in mechanisms for membrane plasma repair (11, 13) . The increase in dysferlin after unloading (from 104% in SOL and 71% in VL) could be interpreted in relation to this function. As already mentioned, it has been reported that dysferlin interacts with caveolin 3, a transmembrane protein localized in the caveolae of muscle fibers that are invaginations of the sarcolemma (68) , and also with annexin A1 and A2 (50) . These proteins are widely expressed Ca 2+ -and phospholipids-binding proteins that are implicated in membrane trafficking, transmembrane channel activity, inhibition of phospholipase A2, and cell-matrix interactions (69) . Membrane injury resulting from mechanical stress on the muscle fiber allows the influx of Ca 2+ along a steep concentration gradient. The increased intracellular Ca 2+ concentration sets in motion a sequence of events among which dysferlin is thought to act as a Ca 2+ -dependent "hook" that will enable the efficient fusion of the repair patch with the sarcolemma (50) . In this perspective, it could be postulated that the increased content of dysferlin would preserve the capacity of a muscle either impaired or submitted to increased mechanical constraints to be able to face any damages resulting from functional demands.
Effects of MRE as countermeasure
A good understanding of the effects of muscular exercise on muscle, bone, the cardiovascular system and other functions is necessary to determine the best procedure for inducing the major changes expected from the use of muscular exercise as a countermeasure during spaceflight or for rehabilitation. Heavy resistance exercise has often been proposed as a countermeasure and shown to be efficient during bedrest (15, 16) . During this LTBR, MRE partly prevented muscle atrophy and mostly the protein content changes. Resistance exercise has been shown to increase muscle protein synthesis (70, 71) and to be a good countermeasure for bedrest-induced atrophy (16) . This appears to be limited with bed rest duration. After LTBR with MRE, muscle fiber CSA did not decrease in SOL, but in VL the decrease in ST fiber CSA was still present (14%).
Concerning MHC expression, we observed, in SOL, a significant 13% decrease and a 62% increase for fibers expressing slow MHC or fast MHC, respectively, after LTBR with MRE. These findings suggest that MRE, which seeks preferentially FT fibers, accentuated the expression of fast myosin in SOL. Other studies have revealed the relation between muscle function and MHC contents and myofibrillar protein diversity (72) .
Most of the changes in cytoskeletal protein contents that resulted from LTBR were compensated by MRE in postural SOL. Only γ-sarcoglycan and dysferlin contents were still increased by 70 and 108%, respectively. This could be considered as the companion changes of the changes induced in muscle profile (fast MHC expression; enriched SR in the FT fibers).
In VL, the decreases in myosin and actin contents after LTBR were compensated by MRE. On the other hand, even if the increase was lower than after LTBR without exercise, dystrophin, β-dystroglycan, α-sarcoglycan, γ-sarcoglycan, dysferlin, and talin contents were still higher (from 28 to 138%). Moreover, vinculin and metavinculin, which exhibited no significant change in VL after LTBR, were increased with MRE during LTBR, reinforcing the differences between SOL and VL reported before LTBR. As for SOL, dysferlin remained largely increased in VL (+138%), which might strengthen cellular membrane repair, because of exercise intensities. No other data are available for comparison. MRE was not able to compensate totally the changes in cytoskeletal protein contents induced by LTBR in VL as it did not compensate ST fiber atrophy. Finally, the observed changes in VL were lower with MRE than after LTBR only, which suggests that MRE, which imposes a more usual type of tension for this mixed muscle, was not sufficient to prevent the induced changes for DGC proteins, although it is able to exacerbate the differences observed between VL and SOL for dysferlin and costamere proteins.
CONCLUSIONS
The differences in cytoskeletal protein relative contents between fast and slow muscles, the changes resulting from a reduction of the load imposed on muscles, and the fairly positive effects of MRE as a countermeasure illustrate the importance of these proteins in a structure-function relation in muscles, either in force transmission, signalization, cell integrity, or cellular repair. As suggested by our previous animal experiments, human cytoskeletal and related proteins have the ability to contribute to muscle fiber adaptations induced by modified functional demands. The results on individual cytoskeletal and related proteins should serve in understanding these protein functions and their roles in muscle fiber physiology and physiopathology. Values are means ± SE. Significant difference between Pre-and Post-bestrest values: *P < 0.1; ‡ P < 0.01. BR-Cont, bedrest controls; BR-Ex, bedrest exercises; Pre-BR, pre-bedrest; Post-BR, post-bedrest; Vastus L., vastus lateralis; CSA, cross-sectional area; MHC, myosin heavy chain (expressed in percentage of total fibers).
Page 21 of 24 (page number not for citation purposes) skeletal muscles. Values are expressed in relative optical density (ODr), i.e., the quotient of the absolute optical density and the amount of protein loaded for each sample (means±SE, n=9 for vastus lateralis, n=5 for soleus).
† P < 0.05; ‡ P < 0.01 vs. vastus lateralis. 2 . Effects of 84-day bedrest on contractile, intra-, and perisarcomeric compartment (myosin, actin, α-actinin, and desmin contents) with and without maximal resistance exercise. Gray bars: Post-bedrest BR-Cont group (without exercise); black bars: Post-bedrest BR-Ex group (with exercise). Data are means ± SE; n = 5 for soleus and n = 9 for vastus lateralis. † P < 0.05 vs. control (Pre-bedrest values=100 in arbitrary units). 3 . Effects of 84-day bedrest on subsarcolemmal and transmembraneous compartment (dystrophin glycoprotein complex, dysferlin, and costamere protein contents) with and without maximal resistance exercise. Gray bars: Post-bedrest BR-Cont group (without exercise), black bars: Post-bedrest BR-Ex group (with exercise). Data are means ± SE; n=5 for soleus and n=9 for vastus lateralis. *P < 0.1; † P < 0.05; ‡ P < 0.01 vs. control (Pre-bedrest values=100 in arbitrary units).
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